One of the tests carried out on a transformer after assembly is the lightning impulse test, for assessment of the integrity of its winding insulation. In the case of a fault, it has been well established that the pattern of the fault currents contains a typical signature of the nature and location of the insulation failure involved. This paper describes a new approach using the 'wavelet transforms' to classify the patterns inherent in different fault currents. Whereas conventional frequencyresponse analysis based techniques fail to identify the time-localization of a particular frequency component in a time-dependent signal, the wavelets are not only localized in frequency, hut also in time. The 'time-frequency localization' feature of wavelet transform is employed for pattern classification of impulse fault currents of transformers. Results for simulated models of 3,5 and 7 MVA transformers are presented to illustrate the' ability of this approach to classify insulation failures.
INTRODUCTION
NSUGTION failure within transformers is considered I to be one of the most important causes of failure of power transformers. Impulse testing of transformers after assembly is an accepted procedure for the assessment of their winding insulation strength to surge ovelvoltages. In such tests, impulse voltage sequences are generated in the laboratory and applied to the transformers as per standards [l] . Manufacturing defects or inadequacy of insulation may lead to failure against impulse voltage stresses. The detection of the fault and its location of occurrence, which in many cases may take a long time, have to be determined for taking proper remedial measures. For many years, the applied voltage waveforms and the resulting current waveforms were analyzed manually by studying oscillographic records [Z-61. Such manual interpretation of the waveform patterns for fault identification and classification was strongly dependent on the knowledge and experience of the experts performing the analysis. With the advent of digital recorders and analyzers, there has been an increasing trend to use the frequency domain analysis, particularly the transfer function approach for fault classification. In recent years, the use of computer aided techniques like expert systems [lo-121 and artificial neural networks (ANN) 1131 have been employed for impulse fault classification in transformers.
Wavelets are widely used in areas [14-151 such as singularity detection, data compression, detecting features in images, noise elimination and harmonic distortion in signals. The wavelet technique is an advancement over Fourier transform, which allows each frequency component to be studied with appropriate time resolution. Recently, the wavelet technique has been. applied in transformer condition assessment and fault diagnosis [16-201.
The inherent noo-stationary pattern of transformer current waveforms during different fault conditions can be effectively classified using this frequency-selective feature of wavelet transform. Determination of incipient faults involved careful and precise recording of the current wave data [171, whereas location identification of permanent kind of impulse faults required the exact knowledge of the travelling wave velocity in the transformer winding [18] . However, due to the complex nature of the composite insulation system of transformers, determination of exact location of faults within transformer windings is a difficult task in many practical cases. Thus, the present paper aims at classifying different impulse faults in several sections along the length of the winding, instead of pinpointing the exact location of the fault with full confidence level.
In this paper, results are reported on the use of wavelet analysis for the pattem recognition of winding current study has been based on impulse faults simulated in EMTP models of a range of power transformers commonly used The problem of time localization of frequency components in F' T can he solved to a large extent by using short-time Fourier transform (STFT) which applies windows in transforming the input signal. But it does not provide multiple resolutions in time and frequency as the window size is fixed.
The wavelet transform [21-231 provides an alternative mode of time-frequency representation. Wavelet transform is capable of providing the time and frequency information simultaneously, hence giving a time-frequency representation of the signal. The continuous wavelet transform ( C W ) of the square integrable function f(t) with respect to a mother wavelet q(t) is defined as where r and s are real and * denotes complex conjugation. Figure 1 shows Morlet mother wavelet, which is defined as
CONTINUOUS WAVELET TRANSFORM (CWT)
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The constant C is used for normalization in view of reconstruction.
As seen in (11, the transformed signal is a function of two variables, T and s, the translation and scale parameters, respectively. The term translation is used in the same sense as it was used in the STFT, it is related to the location of the window, as the window is shifted through the signal. This term, obviously, corresponds to time information in the wavelet transform domain. The scale parameThe continuous wavelet transform (CWT) was developed as an alternative approach to the short time Fourier ter, which is related to the reciprocal of frequency, provides the information about the frequency contents of the
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Fi ing. of faults may occur anywhere along the entire length of the winding. In the present study, the entire winding has been divided into three sections, namely the line-end, the mid-winding and the earth-end sections, each involving 33.3% of the total length of the winding. In the 3 MVA transformer, consisting of a total number of 89 discs, lineend thus involves disc number 1 to 30, mid-winding section spans from disc 31 to 60 and the remaining discs 61 to 89 are considered as the earth-end section. Similarly in the 5 MVA transformer, having 67 discs in total, the lineend, mid-winding and the earth-send sections consist of discs 1 to 22, 23 to 44 and 45 to 67, respectively. Likewise, the 69 discs of the 7MVA transformer are divided into three equal sections, each having 23 discs. The acronyms used for different types of faults considered in this study are given in Table 2 . In each of the sections faults have been simulated in three different locations. Table 3 provides the exact location of the different faults simulated in the three sections along the length of the winding for all the three transformers. The fault locations have been selected in a random manner, such that they can properly represent the entire span of each of the three sections of the winding. Each fault has been made to involve 5% to 10% of the winding length. Figure 3 shows a sample plot of the transformer winding current obtained by the tankcurrent method corresponding to a no-fault condition and also for SEE at BIL in the 5 MVA transformer. Figure 4 shows similar plots for SHM in the same transformer. All the winding currents considered in this paper have heen calculated on the basis of an incident lightning impulse wave of standard 1.2/50 ys waveshape.
TYPES OF FAULT
WAVELET APPLICATION .FOR FAULT CLASSIFICATION
It has been established that any non-stationary signal can he analyzed with the wavelet transforms. Time- 
RESULTS AND DISCUSSION
The three pattern classification parameters as mentioned in the earlier section are calculated for both series and shunt faults as given in Table 3 for all the three transformers. Figure 7 represents the 3-D scatter plots for these parameters for the 7 MVA transformer. The parameters used for the plots are in per-unit scale i.e. the parameters corresponding to CWT of any BIL current wave is divided by the corresponding parameter obtained from CWT of the no-fault current wave for the same transformer.
A close look at Figure 7 reveals that the three shunt faults namely SHL, SHM and SHE form distinct clusters and they can be easily classified separately. The clusters of the series faults, SEL, SEM and SEE in Figure 7 are found to lie too close to be properly distinguished. It is evident that separate scales need to he used for shunt and series fault clusters in order to achieve better clarity in classification. Table  1 , each transformer is found to form its own clusters characterizing each type of fault. For instance. SEL for the 3 MVA transformer is found to have most predominant frequencies in the range of 1.33 to 1.36 MHz during 22.5 to 23.5 p s time duration. The corresponding ranges of predominant frequencies and time for SEL for the 5 and 7 MVA transformers are 2.2 to 2.3 MHz during 13.5 to 14 p s and 3.4 to 3.7 MHz during 8.5 to 9.0 ps, respectively.
The ranges of predominant frequency, their amplitudes (coefficients) and time of occurrences for other types of fault in all the three transformers are summarized in Table  4. A better clarity in the clustering can be found in the 2-D scatter plot of Figure 9 where the CWT coefficients are plotted against the corresponding predominant scales for different types of series fault in the three transformers. The separate clusters formed by the different types of series fault in the three transformers are clearly marked in Figure 9 .
In order to obtain a more precise time-frequency characterization of the different types of series faults, a 2-D scatter plot of translation vs. scale, extracted from the 3-D scatter plot is presented in Figure 10 . Figure 10 , thus supports the different clusters formed in Figure 9 in a more distinctive manner. Figures 9 and 10 show that SEL, SEM and SEE faults form distinctly different clusters in each of the transformers.
In both Figures 9 and 10, shunt faults have been omitted, since the clusters formed by the different shunt faults are easily distinguishable, as shown in Figure 7 and also because wider axis-limits are necessaly for clustering shunt faults. show that different types of fault in a transformer form clcarly delimited separate clusters. Hence, it may be stated that pattern classification of impulse faults in transformers can be done successfully using wavelet analysis.
